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ABSTRACT 
Cross-Channel Transport in the Upper Delaware Estuary:  
Numerical Experiments for Contamination Vulnerability Assessment 
Philip J. Duzinski 
Michael Piasecki, Ph.D. 
 
This research employs a model to examine the potential for material transport 
across the channel of the upper, non-saline tidal Delaware River in Philadelphia 
and vicinity. Numerical experiments were designed to explore the possible 
dynamics of tidally-driven transverse transport, and the potential implications 
for the Baxter drinking water intake of pollutant sources such as the discharge of 
a local stream. A 2-D hydrodynamic model was used to investigate the lateral 
velocity structure in a 2 km domain adjacent to the intake. This analysis reveals 
that interactions between the barotropic tidal flows and the complex bathymetry 
and shoreline in that domain produce shears that are capable of generating 
subtidal lateral velocities on the order of 50% of the longitudinal subtidal flow. In 
addition, this research found that non-linear interactions between the tidal 
advective flow and the bathymetry and shoreline produce a protective velocity 
structure in the lateral cross section adjacent to the Baxter intake, which, under 
low flow conditions, would take an opposing wind speed of 10 kmh-1 [6 mph] to 
reverse this structure, and for a 10-year return flow event would take a wind 
speed of 96 kmh-1 [60 mph].  
viii 
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CHAPTER 1:  INTRODUCTION 
The Philadelphia region is home to the largest fresh water port and the 2nd 
largest center for petroleum products in the United States. This city and other 
communities rely upon the fresh water section of the tidal Delaware River as a 
source for drinking water. There are numerous sources of pollutant discharges in 
close proximity to several of the drinking water intakes (See Figure 1). Pollutant 
pathways exist in the study area including several waste water treatment plants, 
as well as permitted industrial discharges, which are located along both 
shorelines of this river. Other pollutant sources include industrial and 
 
1. Plume from Rancocas Creek just upstream of the PWD Baxter intake 
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transportation accidents as well as spills of a deliberate nature. The existence of 
the maintained navigation channel, and the significant river current guided by 
that channel, have led to widely held assumptions by water purveyors in the 
region that a contaminant discharge from the New Jersey side cannot reach the 
Pennsylvania shore. 
The physical processes that contribute to the dynamic transport of a dissolved 
constituent include advective transport from tidal and subtidal movement 
involving the balance of the tidal prism against freshwater discharge from the 
upper Delaware River (Moses-Hall, 1992; Wong, 2009); diffusion, including 
turbulent diffusion resulting from interactions with the bathymetric structure 
and irregular shorelines and molecular diffusion (Officer, 1976; Fischer et al. 
1979); and meteorological forcing from wind shear on the water surface (Wong 
and Garvine, 1984; Wong and Sommerfield, 2009). The extent of the lateral 
component of these processes can determine how rapidly a pollutant disperses 
or salt intrusion from the lower estuary occurs (Fischer, 1979). 
1.1 Objectives 
The lack of studies to characterize lateral transport processes in the freshwater 
extent of the Delaware Estuary makes this research project into the mechanisms 
of cross-channel transport in this tidal river system desirable. This study 
examines two of the main physical processes at play in a tidal river system: 
advective transport resulting from tidal and subtidal hydrodynamics of the tidal 
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river, and turbulent diffusion resulting from the interaction of circulating water 
with varying characteristics of the river bed including bottom friction. A 
numerical model was employed to study these two components on pollutant 
transport and to determine the vulnerability of local drinking water intakes to 
cross-channel contamination impacts. 
1.2 Approach 
Three finite-element, numerical hydrodynamic models of the Delaware Estuary 
were constructed to examine the processes of estuarine solute transport: 1) a 
large scale domain model that extends from a portion of the Continental Shelf 
adjacent to the Delaware Bay to head of tide at Scudder Falls in Trenton, NJ; 2) a 
medium-scale domain model that extends from Delaware City, DE, to head of 
tide at Trenton; and 3) a refined mesh, fine-scale domain model that extends 
along the City of Philadelphia to conduct plume trajectory experiments. 
Following construction of each model, a validation process was conducted to 
verify the model’s skill in representing the estuarine hydrodynamics, i.e. water 
levels and current speed. The results of a 2001-2002 sediment survey 
(Sommerfield and Madsen, 2003) conducted by Delaware University was used to 
determine riverbed characteristics with the purpose of assigning bottom friction 
values to the model, which were used to calibrate the model’s ability to represent 
water levels and velocities. An attempt was made to use a numerical transport 
module to match an actual dye study conducted in the Delaware River at 
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Philadelphia during 1997. Analysis of the lateral velocity structure in the 
medium domain model was conducted in the vicinity of the Baxter intake to 
elucidate the nonlinear interactions between the tidal advective flow field and 
the bathymetry and shoreline profile.  
1.3 Background 
1.1.1 General Characterization of Estuary 
The Delaware Estuary is the second largest estuary on the east coast of the 
United States. From its mouth at Cape Henlopen, DE, and Cape May, NJ, to the 
head of tide at the rapids at Scudder Falls Bridge in Trenton, NJ, it has a length of 
213 km. A natural 17 m [55 ft] deep channel begins 19 km [12 miles] in from the 
mouth and joins a dredged 12-14 m [40-45 ft] navigation channel that proceeds 
145 km [90 miles] from the mouth to Philadelphia (Sharp, 1983). The mean depth 
of the estuary is 10 m. 
The Delaware River contributes 330 m3s-1 mean discharge or 60% of the 
freshwater input to the estuary, while the Schuylkill River contributes 82 m3s-1, 
another 15% (Wong, 1995). While the estuary is classified as weakly stratified 
(Münchow et al., 1992), the mean salt intrusion limit extends to about 97 km from 
the mouth (Garvine et al., 1992) near Delaware City, DE. The area upstream of 
the salt intrusion limit can be considered well mixed vertically, especially near 
Philadelphia, which is located 148 km upstream of the mouth. 
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1.1.2 Circulation in Delaware Estuary 
While there have been numerous observational and modeling efforts on the 
Delaware Estuary, and some that explore the cross-Bay transport characteristics 
of the lower system, there appear to be few that attempt to explore the cross-river 
hydrodynamics and transport in the upper system. Pape and Garvine (1982) 
performed an estuary drifter study to examine subtidal circulation exchange 
between the lower Bay and continental shelf.  
Moses-Hall (1992) performed an analysis of the tidal and subtidal motions of the 
Delaware Bay and C&D Canal and determined that current and salinity 
distributions displayed lateral structure similar in magnitude to the vertical 
variability. Moses-Hall notes that in the upper tidal river, the mean flow is the 
net of the barotropic* river discharge opposing the tidal mean, that flows 
resulting from river inflows can be of the same order of magnitude as the tidal 
residual, and that bottom topography can be responsible for lateral variability in 
property distributions.  
Wong and Moses-Hall (1998) examined the transverse structure of observed 
salinity and current distributions across the mouth of the Delaware Bay. They 
suggested that the channel-shoal configurations lead to stronger subtidal salinity 
variability in shallow waters than that found in the deep channel, which is 
opposite to the distribution of the magnitude of the subtidal currents.   
                                                 
* In barotropic fluids, the pressure field is related only to the density field; i.e., constant pressure 
surfaces are parallel to constant density surfaces. In contrast, constant pressure surfaces do not 
coincide with constant density surfaces in a baroclinic fluid, and, for example, circulation may 
result from a vertical salinity or thermal gradient. 
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In more recent research in the upper estuary, Wong and Sommerfield (2009) 
found that the strong tidal current, the large ratio of tidal amplitude versus 
depth, and the near-progressive nature of the tidal wave combined to favor the 
generation of the rectified mean current, which had major implications for 
transporting materials from the upper to the lower system.  
1.1.3 Dispersive Transport Processes 
Fischer (1975) and Fischer et al. (1979) identify four primary dispersive 
circulation mechanisms active in estuaries: gravitational circulation induced 
dispersion from density differences; Taylor (1954) shear-flow dispersion induced 
through cross-sectional velocity gradients; circulation induced by tidal flow in 
the estuarine bathymetry; and circulation due to wind forcing. 
Fischer (1975), who presents approaches to various predictive methods to 
analyze dispersion in estuaries, developed a simplified numerical model based 
on longitudinal stream tubes in order to model the effects of bathymetry-induced 
mixing in an 11 km stretch of the Delaware River centered on Marcus Hook, PA, 
that was compared to a dye tracer release.  
The study area was comprised of a straight river section with the 12 m deep 
channel adjacent to the Pennsylvania side and extended shoals on the New 
Jersey side. The computational steps in this model were comprised of two parts, 
where in the first, concentrations were advected along the stream tubes and in 
the second, transverse mixing takes place between stream tubes. A transverse 
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mixing coefficient was determined to be 0.89 m2s-1 [9.6 ft2s-1]. This compares to 
observed longitudinal dispersion coefficients that can range from 50 to 200 ms-1. 
Geyer and Signell (1992) reviewed the work of Fischer and others in regard to 
estuarine dispersive processes and determined that tidal trapping and pumping 
and tidal random walk can play the dominant role among other dispersive 
processes and that these processes occur at length scales of the tidal excursion 
and smaller. They state that on scales of the transverse dimension of the estuary, 
transport is advective rather than diffusive, and that Taylor’s (1954) shear 
dispersion does not apply to these processes. The authors therefore state that due 
to high variability of tide-induced eddies and the resulting complex pattern of 
transport and dispersion over short length scales, the use of a single dispersion 
coefficient to describe lateral estuarine mixing may not be appropriate, and that 
these complex tidal circulation effects need to be modeled to accurately analyze 
solute transport at scales smaller than the tidal excursion.  
Since the Delaware Estuary is characterized as partially- to well-mixed, 
baroclinic processes such as vertical circulation due to buoyancy or density 
differences play a negligible role in dispersion processes found in the upper 
freshwater system. Because of this, the use of a depth-averaged, 2-D 
hydrodynamic model is appropriate to represent the barotropic processes of the 
estuary in the non-saline, tidal river section. The modeling software suite from 
Smile Consult was selected due to its variety of numerical model codes and pre- 
and post-processing tools that are available in the package. The MARINA code 
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CurrentModel2D was therefore used to explore the potential for cross tidal-river 
transport in the upper non-saline system as a barotropic response to astronomic 
tidal forcing through advection alone. This investigation was extended with the 
CurrentModel2D code coupled to the AdvectionDispersionModel2D module to 
explore these processes with both advection and dispersion. 
For these experiments an assumption was made that in the upper tidal Delaware 
River, the circulation effects of a model run without sources of salt at the end 
members would be negligible, since the normal salinity in the area of interest is 
on the order of 0.02 psu. MARINA’s numerical solution of the governing 
equations includes the equation of state for density based on Lehfeldt and Bloss 
(1988),  
ρ = ρ0[l – (7(T- T0)2 – 750S) 10-6], 
which suggests a 0.0015 % density difference, confirming the assumption that 
this negligible buoyant effect can be ignored in this range of salinity. With the 
module SaltTransportModel2D not used, the terms for density-induced transport 
are not activated (Smile Consult, 2009). The negligible impact on primary and 
secondary circulation by running the model without salt was verified through 
comparative simulations. 
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CHAPTER 2:  MODEL DESIGN 
2.1 Model Description 
The model selected for this study is the 2-dimensional formulation of the Smile 
Consult MARINA code. The model is based on the Navier-Stokes equations, 
with a decomposition in turbulent and wave fractions similar to the Reynolds 
decomposition, and with depth integration resulting in the shallow water 
equations. The model formulation includes energy losses to bottom friction 
according to Gauckler-Manning-Strickler and a special rough bottoms 
formulation for areas with steep bottom gradients. Turbulence modeling is 
derived from Smagorinsky (1958 and 1963). The choice of the model code used 
here and the areal extent of the domain are the direct result of programmatic 
decisions of the Civil Engineering Department of Drexel University, which 
supported this work.  
The model module CurrentModel2D (Smile Consult, 2009), a 2-D, depth 
averaged version of the model code was chosen for this investigation because the 
numerical experiments were to be conducted within a domain of the model that 
was not expected to be significantly affected either by local or remote 
baroclinically-influenced hydrodynamic processes. That is, the domain of interest 
here is the narrow, non-saline upper portion of the tidal river, and the external 
forcing to be explored is limited to astronomical tides and fresh water inflow. 
The influence of local and non-local wind forcing was precluded. Any 
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gravitational circulation that may occur in the weakly stratified lower Bay is 
expected to be in the far-field, and is not expected to materially influence the 
hydrodynamics in the region of interest. 
The module AdvectionDispersionModel2D (Milbradt, 2010) is the depth 
averaged transport code developed by Smile Consult to add the ability to model 
the trajectory and concentration of a conservative solute. This code is coupled to 
the CurrentModel2D module, and is designed so that solute concentration has no 
influence on the dynamics of the depth averaged flow simulation, i.e., there is no 
change in density or viscosity of the water. This code was only available late in 
this research and underwent several revisions by the developer. 
 
2.2 Model Setup 
2.2.1 Grid Generation 
Three grids of varying size were constructed to match specific functional 
applications. A large domain grid that extends from a portion of the Continental 
Shelf adjacent to the Delaware Bay to head of tide at Scudder Falls in Trenton, 
New Jersey; a medium-scale domain grid that extends from Delaware City, 
Delaware, to head of tide at Trenton; and a refined mesh, small-scale domain 
grid that extends along the City of Philadelphia to conduct plume trajectory 
experiments.  
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2.2.2 Large Domain Grid 
The large domain grid, while being larger than spatially necessary and including 
a saline portion through the lower ocean extent that includes a portion of the 
Continental shelf and the bay, was designed with the widest applicability in 
mind. Such a grid allows for the fullest development of processes such as 
Eckman flux, salt transport, and large-scale meteorological effects, and therefore 
can be used to benchmark a modeling code’s fullest capabilities. This grid was 
developed with the fullest set of inputs including tidal forcing at the Chesapeake 
and Delaware Canal and the open ocean boundary, as well as fresh water inputs 
from the four largest tributaries to the Delaware estuary, the upper Delaware 
River, the Schuylkill River, Christina River and Rancocas Creek. While a domain 
of this geographic extent has advantages, the desire for numerical stability and 
computational efficiency motivated the development of two smaller subdomain 
grids as discussed in following sections.  
A 2-dimensional unstructured, finite element grid for the Delaware River and 
Bay was prepared using the Smile Consult preprocessing program JANET (Smile 
Consult, 2009). A high resolution mesh was created in the upper estuary with 
minimum element length of 20m, in particular on the waterfront of Philadelphia 
where a number of the larger pier structures are represented in the grid. The 
middle and lower estuary and ocean domain are represented with progressively 
larger elements optimized to represent adequately the bathymetric structure 
while minimizing computational burden (See Table 1). 
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1.  Large domain grid parameter summary 
Min L  [m] 20 Node Count 26,772 
Max L [m] 7,311 Element Count 47,209 
Min Angle [deg] 24     
Max Angle [deg] 120     
 
High resolution polygons defining the shoreline, tributaries and islands were 
available from the US Geological Survey National Hydrography Dataset (NHD). 
Georeferencing was converted to Universal Transverse Mercator (UTM) 
coordinates using the ESRI ArcCatalog. These were assembled in JANET and 
trimmed to the appropriate boundary. Open water areas between pier structures 
that were smaller than 50 m were combined with similar adjacent areas, while 
preserving the original river volume. Polygon nodes also were optimized to 
smooth unnecessary shoreline detail.  
The grid was refined using JANET optimization tools that include Laplacian 
smoothing, mesh transition, orthogonality, minimum center distance, edge 
length, and patch size (See Figure 2). 
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2. Large domain grid extends from an open ocean boundary to Trenton 
The grid bathymetry was assembled from individual sounding datasets that 
were downloaded from NOAA National Geophysical Data Center, Digital 
Elevation Model Discovery Portal. Each sounding dataset was converted to UTM 
using CORPSCON6 (USACE, 2009). These were assembled in Smile Consult 
GISMO where regional polygon masks were applied to the bathymetry data. 
Regional bathymetric datasets were exported to VDATUM (NOAA Vertical 
Datum Conversion, 2009) where the vertical datum was converted to NAVD 88 
and then reassembled using GISMO.  
Polylines were applied along the dredged navigation channel, and within 
narrow piers and waterways to force element alignment (See Figure 2).  
2.2.3 Boundary Conditions 
Four fresh water boundaries were established using observed average daily 
streamflow at the Delaware, Schuylkill, and Christina Rivers, and the Rancocas 
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Creek. Tide boundary forcing was specified at the Chesapeake and Delaware 
Canal (C&D Canal) and at a rectangular open ocean boundary with dimensions 
210 km X 75 km (Celebioglu and Piasecki, 2006). Tidal forcing at the C&D Canal 
was driven by astronomical tidal values based on 37 constituents (NOAA CO-
OPS, 2009). Open ocean boundary forcing was accomplished by generating 
astronomical tide levels based on 13 harmonic constituents from the ADCIRC 
Eastcoast 2001 database and applied uniformly on all nodes (Mukai, et al., 2002). 
These included the M2, S2, N2, K1, O1, Q1, K2, M4, M6, MN4, MS4, P1, and 
2SM2 constituents. 
2.2.4 Bottom Friction  
Sommerfield and Madsen (2003) conducted a sedimentological and geophysical 
survey of the upper Delaware estuary in 2001-2002, which utilized side scan and 
chirp sonar to characterize the bottom morphology for the industrialized section 
of the Delaware River from Burlington, New Jersey, to the north to New Castle, 
Delaware, to the south. The study found both along- and across-channel 
variability that includes the full range of grain size, silty clay to gravel, and a 
down-estuary transition from a dominantly coarse-grained (sand and gravel) to 
fine-grained (clayey silt to silty clay) bottom, which occurs between River 
Kilometers 121 and 137 [River Miles 75 and 85]. Also observed were several 
depositions in the study area that showed evidence of high seasonal and decadal 
variability based on isotope analysis of sediment cores implying the variable 
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nature of bathymetry data. GIS shapefiles designating the different bottom 
characteristics were produced as part of this effort (See Figure 3). Smile Consult 
JANET was used to generate a bottom friction layer with appropriate coefficients 
to approximate the survey bottom characteristics and using the study’s 
shapefiles as polygon masks (Stammermann and Piasecki, 2009).  
 
3. Sediment survey example from Sommerfield and Madsen (2003) 
The friction parameter is used both to provide a realistic approximation of the 
bottom friction regime, but also as a calibration parameter to fine tune the 
hydrodynamic performance of the model. Typical values range from 20 for 
streams with coarse rubble to 100 for smooth steel (Schneider, 1998). Initial 
Gauckler-Manning-Strickler values used in this process ranged from 30 for a 
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rough natural river bottom with rubble, to 65 for a smooth natural river bottom 
with fine sand (See Figure 4 and Table 2). 
 
4. Model representation of bottom friction values 
2. Bottom friction values assigned based on sediment characterization 
Sediment 
characteristic 
Gauckler-
Manning-
Strickler 
Bedload 35 
Fine Deposition 55 
Non-Deposition 30 
Reworking Coarse 35 
Reworking Mixed 40 
Reworking Uniform 55 
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2.2.5 Medium Domain Grid 
A medium scale grid was developed to more appropriately match the spatial 
scale of the physical processes of this study, which include astronomically forced 
tides and currents, the lateral component of these resulting from nonlinear 
interaction between advective flow and the bathymetric structure, and the effect 
of these on lateral transport. The domain extent includes the same upper fresh 
water boundary as the large domain at Trenton, but begins at the lateral transect 
of the river at Delaware City, Delaware, at the lower extent, which coincides with 
an established NOAA Water Level Station (8551762) to allow tidal forcing from a 
long record of available observed and predicted levels at this location (See Figure 
5). Fresh water boundaries included the Schuylkill River and Rancocas Creek. 
 
5. Medium domain grid extends from Delaware City to Trenton 
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The lower extent of this domain also begins 1 kilometer upstream of the 97 km 
mean salt intrusion limit (Garvine et al., 1992) and is therefore within the portion 
of the estuary that is considered non-saline. It also is 1 kilometer above the 
confluence of the tidal Chesapeake and Delaware Canal, which, for the 
simplified range of processes in this study, allows one to eliminate an additional 
independent tidal boundary input at the C&D Canal. This assumes that the 
predicted water levels from the Delaware City station will adequately represent 
the tidal signal that propagates from both the lower estuary and C&D Canal. 
Since wind, salinity and meteorological effects are neglected in this study, this 
assumption is therefore valid. 
It was found that the complex geometries of pier and harbor structures on the 
Philadelphia shoreline in the large domain grid created instabilities in transport 
module simulations, therefore a change was made to simplified smooth shoreline 
border polygons. Other features of the large domain grid that were changed in 
order to eliminate these numerical instabilities included using a modified 
bathymetry to eliminate steep depth gradients between adjacent elements; 
eliminating the polygon outlines of the modeled tributaries; and eliminating the 
polylines that forced element alignment along the dredged navigation channel 
and allowing elements to be aligned to maximize orthogonality (See Table 3).  
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3. Medium domain grid parameter summary 
Min L  16 Node Count 10,071 
Max L  599 Element Count 28,217 
Min Angle [deg] 22     
Max Angle [deg] 119     
 
The polygons and bathymetry that were ultimately used for the medium and 
near field domain grids were adapted from those used in the Model Evaluation 
Environment (MEE) for the Delaware River and Bay (Patchen, 2008) that was 
created by NOAA. The MEE includes a set of digital bathymetries and shorelines 
that were used as part of a test bed to evaluate a range of numerical models in a 
common estuary. The grid was generated similarly to the process that was 
described in the previous section including a refinement process in the portion of 
the grid beginning just downstream of the Schuylkill River near Philadelphia at 
152 km to upstream of the city at 181 km from the estuary mouth. 
The grid characteristics include an average element size of 300 m at the lower 
extent of the mesh, and 100 m at the upper extent. The refined area near 
Philadelphia had average element size of 50 m. 
2.2.6 Near-Field Domain Grid 
A third grid was designed to explore the effect of element size on the transport 
capabilities of the AdvectionDispersionModel2D module. Experiments with this 
module using the medium domain grid proved inadequate to produce realistic 
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lateral dispersion in the near-field area close to the entry point of the simulated 
pollutant during several tidal cycles. In order to maximize computational 
efficiency while decreasing the overall grid element size, it was found necessary 
to create a domain that spatially includes only the immediate Philadelphia 
region. In this case, the lower extent begins at 152 km, and the upper extent of 
the grid is at 181 km from the estuary mouth (See Table 4).  
 4. Near-field domain grid parameter summary 
Min L  10.4 Node Count 83,963 
Max L  36.9 Element Count 163,958 
Min Angle [deg] 22     
Max Angle [deg] 126     
 
A generally uniform grid with element size 20 m was generated in this smaller 
domain. Upper and lower tidal boundary conditions (BC) are required for this 
grid. An additional change to this grid was to allow wetting and drying occur at 
all shoreline by having the polygon nodes 1 meter above the mean sea level 
datum. Since no tidal observation stations coincide with these boundaries, the 
medium domain grid was used to extract tidally oscillating water levels for the 
lower BC and tidally oscillating discharge for the upper BC.  
 
21 
CHAPTER 3:  HYDRODYNAMIC VALIDATION  
Model validation was performed on two of the three grids: the large and 
medium domain. Two 30-day periods were used for the validation of these two 
grids. For the large domain grid, simulation dates of October 4 through 
November 2, 2008, were selected since the first twenty days of this period were 
considered representative of normal dry-weather conditions. The following ten 
days were characterized by significant rainfall and increased wind conditions. 
Hydrodynamic validation utilized existing sea level and current stations (NOAA 
CO-OPS, 2009, NOAA C-MIST, 2009). Model results were compared to predicted 
tide levels for six NOAA stations based on 37 harmonic constituents, and 
observed current data from the NOAA Philadelphia station and predicted values 
based on harmonic analysis of three current stations from the National Ocean 
Service 1984-85 Delaware River and Bay Circulation Survey (Klavans, et al, 1986) 
(See Figures 6 and 7).  
For the medium domain grid, the dates of November 1 through November 30, 
1997, were used since the dye study used to calibrate the transport module 
AdvectiveDispersiveModel2D occurred during that time. Bottom friction values 
were adjusted between channel and shoal – depths greater or less than 7 m – 
during this validation process as a calibration parameter to optimize the 
performance of tide levels and current speeds. 
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6. NOAA tide and current and USGS conductivity stations for large domain grid 
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7. NOAA tide and current stations for medium domain grid 
 
3.1 Large Domain Validation 
3.1.1 Tide Levels 
Statistical analysis was performed on the model validation results by comparing 
series mean, standard deviation, and root mean square error (RMSE). The skill 
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metric performance was evaluated according to Willmott (1981). Harmonic 
analysis of tidal constituents was performed using T_TIDE (Pawlowicz, et al., 
2002). Observed Delaware River flow at Trenton ranged from 100 m3s-1 in the 
first 20 days of the simulation to a peak of 800 m3s-1 during the following 10 wet-
weather days. 
Water levels over the 30 day simulation compared favorably to predicted tides 
with an average skill of 0.960 with a range of 0.958 at Cape May to 0.972 at 
Philadelphia. Average RMSE of 23 cm had a range of 20 cm at Philadelphia to 30 
cm at Newbold, Pennsylvania, near Trenton (See Table 5). These results 
compared well with the range of models that participated in the Model 
Evaluation Environment for the Delaware Estuary but did not meet the RMSE 
threshold of 15 cm (Patchen, 2008). The calibration parameter that was adjusted 
during this process was water level at the open ocean boundary. These 
adjustments were made through optimizing the amplitude and phase of the 
astronomical constituents that comprised the tidal forcing function at the ocean 
boundary. 
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5. Large domain grid water level statistical and skill metrics 
  Series       
NOAA Tide Station Mean [m] RMSE [m] SD [m] Skill  
Newbold, PA  
(Station ID: 8548989) 0.014 0.299 0.287 0.963 
Philadelphia 
 (Station ID: 8545530) -0.034 0.200 0.159 0.972 
Delaware City, DE 
(Station ID: 8551762) -0.083 0.208 0.170 0.966 
Reedy Point, DE 
(Station ID: 8551910) -0.086 0.220 0.182 0.961 
Brandywine Shoal  
(Station ID: 8555889) -0.045 0.208 0.167 0.961 
Cape May, NJ  
(Station ID: 8536110) -0.083 0.215 0.163 0.958 
 
Harmonic analysis of the M2, S2, N2, K1, M4, O1 and M6 tidal constituents 
compared favorably to predicted astronomical tide amplitudes with a range of 
error between 0.1 cm to 10.6 cm. Comparison of tidal phase lag constituents 
showed good agreement for the M2 constituent, which ranged from 2 to 8 
minutes; but less favorable agreement for the S2 constituent, which ranged from 
55 to 65 minutes (See Table 6). A time series comparison plot for water levels at 
Philadelphia demonstrates that the model favorably represents the semidiurnal 
signal and spring-neap variations (See Figure 8).  
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6. Large domain water level harmonic analysis* 
 Tidal Amp Amp Amp Phase Phase Phase 
NOAA Tide Station Const Pred  Mod  Err  Pred Mod Err 
Newbold, PA  M2 1.071 0.966 0.106 2.57 2.68 0.11 
(Station ID: 8548989) S2 0.129 0.217 -0.088 3.83 4.81 0.97 
 N2 0.193 0.267 -0.074 2.22 2.51 0.29 
 K1 0.106 0.126 -0.020 14.89 14.28 -0.61 
 M4 0.139 0.155 -0.016 1.09 1.62 0.53 
 O1 0.073 0.099 -0.026 14.80 15.61 0.81 
 M6 0.067 0.018 0.049 3.64 2.96 -0.69 
Philadelphia M2 0.839 0.744 0.095 1.41 1.44 0.03 
(Station ID: 8545530) S2 0.093 0.174 -0.081 2.52 3.49 0.97 
 N2 0.146 0.206 -0.060 0.93 1.06 0.13 
 K1 0.102 0.117 -0.015 13.86 13.04 -0.81 
 M4 0.084 0.074 0.010 5.63 5.83 0.20 
 O1 0.081 0.094 -0.013 13.91 14.53 0.62 
 M6 0.052 0.023 0.029 2.00 1.65 -0.35 
Delaware City  M2 0.744 0.734 0.010 11.35 11.26 -0.10 
(Station ID: 8551762) S2 0.1 0.182 -0.082 11.93 0.86 -11.08 
 N2 0.144 0.221 -0.077 11.15 10.99 -0.16 
 K1 0.095 0.113 -0.018 11.44 10.36 -1.08 
 M4 0.06 0.061 -0.001 3.75 3.72 -0.03 
 O1 0.068 0.088 -0.020 11.22 11.95 0.73 
 M6 0.033 0.022 0.011 3.97 3.72 -0.25 
Reedy Point  M2 0.773 0.710 0.064 11.18 11.09 -0.08 
(Station ID: 8551910) S2 0.1 0.178 -0.078 11.77 0.74 -11.03 
 N2 0.141 0.224 -0.083 10.94 10.91 -0.04 
 K1 0.089 0.100 -0.011 11.24 10.29 -0.95 
 M4 0.055 0.057 -0.002 3.50 3.45 -0.05 
 O1 0.068 0.077 -0.009 11.08 11.74 0.66 
 M6 0.033 0.022 0.011 3.88 3.63 -0.25 
Brandywine Shoal  M2 0.722 0.677 0.046 8.69 8.73 0.03 
(Station ID: 8555889) S2 0.121 0.177 -0.056 9.06 10.11 1.04 
 N2 0.161 0.214 -0.053 8.38 8.24 -0.13 
 K1 0.103 0.115 -0.012 8.50 7.69 -0.81 
 M4 0.008 0.010 -0.002 3.69 4.28 0.58 
 O1 0.084 0.090 -0.006 8.59 9.35 0.76 
 M6 0.004 0.008 -0.004 3.87 0.73 -3.14 
Cape May, NJ M2 0.714 0.673 0.041 8.40 8.53 0.13 
(Station ID: 8536110) S2 0.125 0.175 -0.050 8.84 9.93 1.08 
 N2 0.159 0.209 -0.050 8.00 8.05 0.05 
 K1 0.105 0.114 -0.009 8.32 7.53 -0.78 
 M4 0.01 0.011 -0.001 2.95 3.69 0.73 
 O1 0.084 0.089 -0.005 8.31 9.20 0.90 
 M6 0.008 0.009 -0.001 3.52 0.50 -3.02 
* Amplitude [m] referenced to mean sea level and phase [h] to Local Standard Time 
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8. Large domain grid water level time series comparison at station 8545530 
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3.1.2 Large Domain Current 
Current analysis was performed using the 1984-1985 Delaware River and Bay 
Circulation Survey (Klavans et al., 1986; Richardson and Schmalz, 2006). The 
data from this survey provides numerous current stations within the domain of 
interest. The use of this dataset as the basis to provide harmonic constituents and 
predicted velocity time series is a standard approach that was established in the 
Model Evaluation Environment (MEE) for the Delaware River and Bay (Patchen, 
2008).  
An existing NOAA current station at Philadelphia, DB0301 was initially 
considered for use in the large domain grid validation process, but the maximum 
velocity profile from this meter occurred at bin 22, or 89 meters from the dock 
mounted instrument, whereas the model time series maximum velocity profile 
occurred at 183 m from the shoreline. This difference is regarded as a likely result 
of a combination of bathymetric data error and instrument reporting error, which 
often can be introduced by side scanning meters (Parker, 2007). As a result of this 
factor and the lack of similar deployed current stations in the immediate region 
near Philadelphia, station DB0301 is not used for this analysis. 
Harmonic constituents and predicted time series were derived from the 1984-85 
survey using T_TIDE. The stations used were C47 at Marcus Hook, PA; C51, 
upstream of the confluence of the Schuylkill and Delaware Rivers at 
Philadelphia; and C54 at Newbold, PA (See Figure 7). These stations were 
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selected to represent the downstream, middle and upstream sections of the 
domain surrounding Philadelphia. The selection of station C51 to represent the 
Philadelphia section was based on the greater amount of contiguous good data 
available for this station, and the concurrent deployment of meters at two depths 
8.5 m and 1.5 m above bottom. Also, a period without impacts of heavy river 
runoff was selected for harmonic analysis. 
3.1.3 Impact of Depth on Velocity Validation 
Harmonic analysis was performed on data from both meters at the Philadelphia station 
(C51) to determine the impact of depth on current profile. This impact must be 
considered when evaluating a 2-D, depth-averaged model’s performance in matching 
velocity magnitude. The vertical velocity profile in a relatively shallow river has been 
observed to be generally logarithmic with the maximum velocity being at or near the 
water surface and decreasing sharply near the bottom under the impact of friction. A 2-D 
model such as Marina simplifies the representation of velocity by calculating a depth-
averaged value in each grid element. The depth-averaged value will therefore always be 
less than the maximum velocity in a vertical cross section. To derive an order-of-
magnitude approximation of this impact, a logarithmic fit was created by adjusting 
expected velocities at the surface and bottom at the Philadelphia station (See Figure 9).  
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9. Analysis of vertical profile results in depth-averaged M2 amplitude of 0.809 m 
A depth-averaged M2 value based on the M2 constituents for the C51 and C51B 
current meter data was then derived by integrating the fitting equation and 
dividing by the water depth. The resulting depth-averaged M2 amplitude was 
0.809 m. Since the M2 constituent represents over 60% of the tidal energy based 
on comparison to other harmonic constituents for current at C51, this derived 
depth-averaged M2 can be used for this approximation. This analysis produces a 
ratio of 0.92 when comparing the depth-averaged M2 value to the C51 value. The 
other current stations on the medium domain grid do not have a second meter 
near the bottom. The application of this ratio to the M2 and other constituents 
derived from the C51 data would be a rough approximation of the benchmark 
values for the depth-averaged tidal current at C51 and other stations. 
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3.1.4 Validation of Minor Velocity Component 
A major difference between analyzing tides and currents is that water level is a 
scalar quantity and current is a two-dimensional vector quantity. This requires 
analysis of two orthogonal time series. Both the 1984-85 NOS Circulation Survey 
and Marina model results break down the current into northing and easting 
components in which east and north correspond to the x and y direction and the 
u and v velocity components. T_TIDE harmonic analysis is performed by 
inputting these components as a complex time series in the form u + vi. 
Harmonic analysis results are reported for the major and minor velocity 
components which then correspond to the longitudinal and lateral currents. The 
inclination angle of the major component is reported as counterclockwise from 
east. Since this research will investigate the role of subtidal cross-channel 
circulation in generating lateral advective transport, the evaluation of the model 
in regard to the velocity minor component has great significance.  
3.1.5 Large Domain Current Validation Results 
This analysis also used bottom friction based on the Sommerfield and Madsen 
sediment survey discussed in the previous section, with a range of Gauckler-
Manning-Strickler values from 35 to 60. Easting component current compared 
favorably to predicted currents with an average skill of 0.943 with a range of 
0.907 at Newbold to 0.964 at Marcus Hook; and average RMSE of 17.6 cms-1 had 
a range of 7.2 cms-1 at Newbold to 23.9 cms-1 at Philadelphia (See Table 7). 
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Northing component current compared poorly with an average skill of 0.630 
with a range of 0.0196 at Philadelphia to 0.972 at Marcus Hook; and average 
RMSE of 5.8 cms-1 had a range of 1.4 cms-1 at Newbold to 10.4 cms-1 at Marcus 
Hook. The northing component Skill parameter at Philadelphia of 0.0196 
corresponds to a nearly 90 degree mismatch in the phase. The results for the 
easting component compared well with the range of models that participated in 
the Model Evaluation Environment for the Delaware Estuary (Patchen, 2008) 
with average RMSE below the MEE threshold of 26 cms-1 and skill metric value 
close to 1.0.  
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7. Large domain current statistical [ms-1] and skill metrics [-] 
U – Easting      
Newbold, PA  
(Station ID: C54)   
 Philadelphia  
(Station ID: C51)  
 Series Mean -0.0250  Series Mean  -0.0497 
 RMSE 0.0723  RMSE  0.2385 
 SD  0.0679  SD  0.2332 
 Skill 0.9069  Skill 0.9589 
Marcus Hook 
(Station ID: C47)   
 
Average  
 Series Mean  -0.0445  Series Mean  -0.0397 
 RMSE  0.2185  RMSE  0.1765 
 SD  0.2140  SD  0.1717 
 Skill 0.9642  Skill 0.9433 
      
V – Northing      
Newbold, PA  
(Station ID: C54)   
 Philadelphia  
(Station ID: C51)  
 Series Mean  -0.0090  Series Mean  -0.0020 
 RMSE  0.0141  RMSE  0.0550 
 SD  0.0109  SD  0.0550 
 Skill 0.8997  Skill  0.0196 
Marcus Hook 
(Station ID: C47)   
 
Average  
 Series Mean  -0.0411  Series Mean  -0.0173 
 RMSE  0.1042  RMSE  0.0578 
 SD  0.0958  SD  0.0539 
 Skill 0.9716  Skill 0.6303 
 
Harmonic analysis of the M2, S2, N2, K1, O1 and M6 tidal constituents compared 
favorably to predicted major current component M2 amplitudes with a range of 
error between 6.8 cms-1 at Newbold to 27.4 cms-1 at Marcus Hook; comparison of 
current phase lag constituents showed poor agreement for the M2 constituent, 
which ranged from 1.94 hr at Marcus Hook to 3.5 hr at Philadelphia (See Table 8).  
Major component M2 amplitude performance improves further when applying 
the 0.92 ratio of depth-averaged velocity to upper meter velocity derived in the 
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previous section. Newbold error is now 6.3 cms-1 and Marcus Hook is 25.2 cms-1. 
Application of this ratio in the appropriate manner to the predicted time series 
would similarly improve the RMSE for these stations.  
Minor component harmonic analysis of the M2, S2, N2, K1, O1 and M6 tidal 
constituents compared favorably to predicted minor current component M2 
amplitudes with a range of error between 0.046 cms-1 at Marcus Hook to 0.065 
cms-1 at Philadelphia. (See Table 8). Minor phase lag error would be the same as 
above since the minor phase lag is offset by 90° from the major.  
A time series comparison plot for northing and easting current components at 
Philadelphia demonstrates that the model favorably represents the semidiurnal 
signal but doesn’t match the range of the spring-neap variations of the predicted 
signal well (See Figure 10). This could be the result of a mismatch between the 
diurnal K1 and O1 constituents and the semidiurnal M2 and S2 constituents, 
which would produce less harmonic interference or “beating” resulting from the 
periodic additive and cancelling effect of the M2, S2, K1 and O1 tidal signals by 
the model.  
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10. Large domain grid – easting and northing current components at station C51  
36 
8. Large domain grid current harmonic analysis* 
  Tidal Maj Amp  Maj Amp  Maj Amp  Min Amp  Min Amp  Min Amp  Phase  Phase  Phase  
NOAA Tide Station Const Pred [ms-1] Model [ms-1] Error [ms-1] Pred [ms-1] Model [ms-1] Error [ms-1] Pred [hr] Model [hr] Error [hr] 
Newbold, PA  M2  0.183 0.115 -0.068 -3.63E-03 1.21E-03 4.84E-03 11.782 14.063 2.281
(Station ID: C54)** S2  0.029 0.014 -0.015 -6.70E-04 3.89E-04 1.06E-03 2.009 1.151 -0.858 
  N2   0.012   -3.98E-04   12.585   
  K1  0.003 0.009 0.006 -2.30E-04 -2.84E-05 2.02E-04 21.838 9.100 -0.738 
  M4  0.064 0.052 -0.012 1.35E-03 5.11E-04 -8.39E-04 5.636 2.699 -2.936 
  O1  0.009 0.007 -0.002 1.08E-03 -4.75E-05 -1.13E-03 6.609 13.374 6.765 
  M6  0.037 0.008 -0.029 -1.83E-03 -6.42E-04 1.19E-03 2.623 0.771 -1.852 
Philadelphia M2  0.879 0.678 -0.201 1.79E-03 -4.68E-03 -6.47E-03 5.065 1.564 -3.500 
(Station ID: C51) S2  0.021 0.090 0.069 4.70E-04 8.90E-05 -3.81E-04 6.359 0.624 -5.736 
  N2  0.208 0.078 -0.130 4.14E-03 -1.69E-04 -4.31E-03 4.788 11.700 6.913 
  K1  0.053 0.058 0.005 3.60E-04 1.13E-04 -2.47E-04 9.059 8.670 -0.388 
  M4  0.087 0.118 0.031 5.90E-04 3.26E-03 2.67E-03 4.820 1.732 -3.088 
  O1  0.046 0.049 0.003 1.00E-05 1.52E-04 1.42E-04 7.579 12.899 5.320 
  M6  0.081 0.064 -0.017 6.60E-04 1.13E-04 -5.47E-04 3.379 4.064 0.684 
Marcus Hook M2  1.04 0.766 -0.274 -9.24E-03 -4.63E-03 4.61E-03 11.019 12.957 1.937
(Station ID: C47) S2  0.083 0.105 0.022 -4.40E-04 -2.91E-04 1.49E-04 11.538 11.911 0.373 
  N2  0.159 0.088 -0.071 -3.60E-04 -5.61E-04 -2.01E-04 11.084 10.981 -0.103 
  K1  0.085 0.071 -0.014 1.86E-03 -1.22E-03 -3.08E-03 7.850 8.043 0.193 
  M4  0.146 0.098 -0.048 4.61E-03 -4.75E-03 -9.36E-03 4.390 0.553 -3.837 
  O1  0.046 0.062 0.016 7.10E-04 -1.36E-03 -2.07E-03 8.644 12.163 3.520 
  M6  0.08 0.055 -0.025 4.05E-03 -4.55E-05 -4.10E-03 0.898 3.351 2.453 
* Phase referenced to Local Standard Time. 
** Station C54 only had 19.9 days of data, less than the 29 days required to derive the N2 constituent 
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3.1.6 Salinity  
As discussed previously, the sources of salinity in the baseline grid are 
introduced at the ocean end member and at the Chesapeake and Delaware Canal. 
In the domain of interest of the model experiments, the ambient salinity is quite 
low, typically varying between 0.01 – 0.1 psu. However, increasing 
anthropogenic, and perhaps natural sources, can have a profound effect on those 
ambient salinity concentrations. These sources include water and wastewater 
treatment processes that add coagulant salts, water softeners and sodium 
hypochlorite, salts and brines applied to roadways, and other sources that are 
shown to be increasing the groundwater and surface runoff discharge 
concentration of salts over time. For instance, the Delaware River Basin 
Commission reports the chlorinity of the Delaware River at Trenton and the 
Schuylkill River at Philadelphia typically to be in the range of 20-35 mg/l, or an 
equivalent salt concentration of 0.1 – 0.2 psu. Monitoring of 11 other tributaries 
yielded values of chlorinity ranging from 10-20 mg/l (DRBC, 2003). Industrial 
and municipal source salt concentrations are as much as 5 times greater than 
those tributary values, and the flow rates of those sources are significant, 
reaching the same order of magnitude of the tributary discharges in times of low 
flow. It has been shown that the contribution of salts from local sources in the 
upper estuary can contribute significantly to the ambient salinity in this region of 
the upper estuary (PWD, 2010). Attempts to compare model-predicted salinity 
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with the ocean, the C&D Canal, and 4 tributaries as the only sources of salt in the 
model should be expected to be aliased by these other local sources of salts.  
An initial stepped gradient of salinity was assumed through the estuary as the 
initial salinity condition based on Cohen (1959). A ten day spin up was 
performed to allow preliminary solute mixing in the simulation. A 30-day 
simulation was then performed to provide additional spin up and create an 
initial salinity startup file for the evaluation runs. A salinity comparison was 
performed of model results to observed conductivities at the USGS station at the 
Ben Franklin Bridge, a water quality station in the domain of interest. 
Conductivity was converted to salinity using a method appropriate for the range 
of salinities in the Delaware Estuary (Paulson, 1970).  
The anthropogenic sources of salts in the upper system, while not considered 
significant in altering the astronomic tidally-induced first and second order 
currents and associated transport processes, are significant enough at times to 
dominate observations of the very low ambient salinities observed in the lower 
reaches of the upper tidal river. As discussed above, no attempt was made in this 
study to include those extraneous sources of salt in the upper end-members of 
the grid boundaries. The comparison of predicted versus observed salinities in 
this essentially non-saline, river and waste discharger-inflow dominated portion 
of the upper estuary was not used in our model validation process. 
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3.2 Medium Domain Validation 
3.2.1 Tide Levels 
Observed Delaware River flow at Trenton ranged from 95 m3s-1 and 208 m3s-1 
during this 30-day period, which is considered low to normal flow for this time 
of year. Simulations were run using the observed river flow from three boundary 
tributaries within the medium domain, Delaware River at Trenton, Schuylkill 
River and Rancocas Creek.  
Bottom friction values were adjusted between channel and shoal as a calibration 
parameter to optimize the performance of tide levels and current speeds. Depths 
greater than 7 m, which would represent the dredged or natural channel were 
assigned friction values of 60 to 75, while depths less than or equal to 7 m, which 
would represent the shoals were assigned values of 30 to 40. An optimal 
combination of friction values for channel and shoal of 65 and 40 was determined 
by this method. 
Water levels over the 30-day simulation compared favorably to predicted tides 
with an average skill of 0.982 with a range of 0.965 at Marcus Hook to 0.992 at 
Philadelphia. Average RMSE of 17.4 cm had a range of 11.9 cm at Philadelphia to 
21.7 cm at Marcus Hook (See Table 9). These results compared well with the 
range of models that participated in the Model Evaluation Environment for the 
Delaware Estuary (Patchen, 2008) with average RMSE slightly above the MEE 
threshold of 15 cm and skill metric value close to 1.0. 
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9. Medium domain grid water level statistical and skill metric analysis 
  Series       
NOAA Tide Station Mean [m] RMSE [m] SD [m] Skill  
Newbold, PA  
(Station ID: 8548989) 0.0732 0.186 0.185 0.989 
Philadelphia 
 (Station ID: 8545530) 0.0542 0.119 0.101 0.992 
Marcus Hook, PA 
(Station ID: 8540433) 0.0512 0.217 0.212 0.965 
 
Harmonic analysis of the M2, S2, N2, K1, O1 and M6 tidal constituents compared 
favorably to predicted astronomical tide amplitudes with a range of error 
between 13.5 cm to 0 cm. Comparison of tidal phase lag constituents showed 
good agreement for the M2 constituent, which ranged from 3.6 min to 25 
minutes; but less favorable agreement for the S2 constituent, which ranged from 
11 to 33 minutes (See Table 10). A time series comparison plot for water levels at 
Philadelphia demonstrates that the model favorably represents the semidiurnal 
signal and spring-neap variations (See Figure 11).  
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10. Medium domain water level harmonic analysis* 
 Tidal Amp Amp Amp Phase Phase Phase 
NOAA Tide Station Const Pred  Mod  Err  Pred [hr] Mod [hr] Err [hr] 
Newbold, PA  M2  1.071 1.206 0.135 2.574 2.269 -0.305 
(Station ID: 8548989) S2  0.129 0.137 0.008 3.833 3.290 -0.543 
 N2  0.193 0.191 -0.002 2.215 1.430 -0.785 
 K1  0.106 0.127 0.021 14.893 13.770 -1.123 
 M4  0.139 0.195 0.056 1.094 1.326 0.233 
 O1  0.073 0.081 0.008 14.803 14.224 -0.579 
 M6  0.008 0.041 0.033 3.645 3.775 0.131 
Philadelphia M2  0.839 0.893 0.054 1.408 1.468 0.060 
(Station ID: 8545530) S2  0.093 0.100 0.007 2.517 2.334 -0.183 
 N2  0.146 0.146 0.000 0.932 0.643 -0.289 
 K1  0.102 0.118 0.016 13.855 13.182 -0.674 
 M4  0.084 0.056 -0.028 5.632 6.083 0.451 
 O1  0.081 0.076 -0.005 13.914 13.587 -0.326 
 M6  0.012 0.041 0.029 1.996 2.058 0.062 
Marcus Hook M2  0.782 0.684 -0.098 0.038 0.459 0.421 
(Station ID: 8540433) S2  0.096 0.082 -0.014 0.940 1.134 0.194 
 N2  0.142 0.117 -0.025 12.324 12.318 -0.006 
 K1  0.095 0.111 0.016 12.406 12.512 0.106 
 M4  0.096 0.081 -0.015 4.603 4.689 0.086 
 O1  0.077 0.071 -0.006 12.673 12.861 0.188 
 M6  0.036 0.031 -0.005 0.904 1.031 0.127 
* Amplitude [m] referenced to mean sea level and phase [h] referenced to Local Standard Time 
3.2.2 Currents 
As in the large domain grid, harmonic constituents and predicted time series 
were derived from the 1984-85 survey using T_TIDE. The stations used were C47 
at Marcus Hook, PA; C51, upstream of the confluence of the Schuylkill and 
Delaware Rivers at Philadelphia; and C54 at Newbold, PA .  
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11. Medium domain grid water levels compared to predicted tides at station 8545530 
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This analysis also used the optimal combination of bottom friction between 
channel and shoal, Gauckler-Manning-Strickler values of 65 and 40. Easting 
component current compared favorably to predicted currents with an average 
skill of 0.969 with a range of 0.947 at Newbold to 0.984 at Marcus Hook; average 
RMSE of 14.6 cms-1 had a range of 7.3 cms-1 at Newbold to 20.0 cms-1 at 
Philadelphia (See Table 11). Northing component current also compared 
favorably with an average skill of 0.988 with a range of 0.693 at Philadelphia to 
0.988 at Marcus Hook; and average RMSE of 4.5 cms-1 had a range of 2.0 cms-1 at 
Newbold to 7.6 cms-1 at Marcus Hook. These results compared well with the 
range of models that participated in the Model Evaluation Environment for the 
Delaware Estuary (Patchen, 2008) with average RMSE below the MEE threshold 
of 26 cms-1 and skill metric value close to 1.0.  
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11. Medium domain current statistical [ms-1] and skill metrics [-] 
U – Easting       
Newbold, PA (Station ID: C54)  Philadelphia (Station ID: C51) 
 Series Mean  -0.0259   Series Mean  -0.1223 
 RMSE  0.0730   RMSE  0.2003 
 SD  0.0684   SD  0.1586 
 Skill  0.9472   Skill  0.9758 
       
Marcus Hook(Station ID: C47)   Average  
 Series Mean  -0.0410   Series Mean  -0.0631 
 RMSE  0.1652   RMSE  0.1462 
 SD  0.1601   SD  0.1290 
 Skill  0.9837   Skill 0.9689 
       
V – Northing       
Newbold, PA (Station ID: C54)  Philadelphia (Station ID: C51) 
 Series Mean  -0.0122   Series Mean  0.0023 
 RMSE  0.0199   RMSE  0.0380 
 SD  0.0158   SD  0.0379 
 Skill  0.8944   Skill  0.6928 
       
Marcus Hook(Station ID: C47)   Average  
 Series Mean  -0.0136   Series Mean  -0.0078 
 RMSE  0.0757   RMSE  0.0445 
 SD  0.0744   SD  0.0427 
 Skill  0.9879   Skill 0.9879 
 
Harmonic analysis of the M2, S2, N2, K1, O1 and M6 tidal constituents compared 
favorably to predicted major current component M2 amplitudes with a range of 
error between 2.8 cms-1 at Newbold to 13.5 cms-1 at Marcus Hook; comparison of 
current phase lag constituents showed good agreement for the M2 constituent, 
which ranged from 0.72 min at Newbold to 3.2 min at Philadelphia; but less 
favorable agreement for the S2 constituent, which ranged from 0 min at Marcus 
Hook to 90 min at Newbold (See Table 12).  
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Major component M2 amplitude performance improves further when applying 
the 0.92 ratio of depth-averaged velocity to upper meter velocity derived in the 
previous section. Newbold error is now 2.6 cms-1 and Philadelphia is 12.4 cms-1. 
Application of this ratio in the appropriate manner to the predicted time series 
would similarly improve the RMSE for these stations.  
Minor component harmonic analysis of the M2, S2, N2, K1, O1 and M6 tidal 
constituents compared favorably to predicted minor current component M2 
amplitudes with a range of error between 0.024 cms-1 at Newbold to 3.6 cms-1 at 
Philadelphia. (See Table 12). Minor phase lag error would be the same as above 
since the minor phase lag is offset by 90° from the major.  
A time series comparison plot for northing and easting current components at 
Philadelphia demonstrates that the model favorably represents the semidiurnal 
signal but doesn’t match the range of the spring-neap variations of the predicted 
signal well (See Figure 12). This could be the result of a mismatch between the 
diurnal K1 and O1 constituents and the semidiurnal M2 and S2 constituents, 
which would produce less harmonic interference or “beating” resulting from the 
periodic additive and cancelling effect of the M2, S2, K1 and O1 tidal signals by 
the model. 
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12. Medium domain grid current harmonic analysis 
  Tidal Maj Amp  Maj Amp  Maj Amp  Min Amp  Min Amp  Min Amp  Phase  Phase  Phase  
NOAA Tide Station Const Pred [ms-1] Model [ms-1] Error [ms-1] Pred [ms-1] Model [ms-1] Error [ms-1] Pred [hr] Model [hr] Error [hr] 
Newbold, PA  M2  0.183 0.211 0.028 -3.63E-03 -1.21E-03 2.42E-03 11.782 11.794 0.012 
(Station ID: C54) S2  0.029 0.024 -0.005 -6.70E-04 -2.02E-04 4.68E-04 2.009 0.508 -1.501 
  N2   0.032   -3.52E-04   11.128   
  K1  0.003 0.011 0.008 -2.30E-04 -2.29E-04 1.12E-06 21.838 8.040 -1.798 
  M4  0.064 0.074 0.010 1.35E-03 2.29E-03 9.37E-04 5.636 6.025 0.390 
  O1  0.009 0.006 -0.003 1.08E-03 -2.59E-04 -1.34E-03 6.609 7.962 1.353 
  M6  0.037 0.028 -0.009 -1.83E-03 -2.11E-03 -2.76E-04 2.623 3.115 0.492 
Philadelphia M2  0.879 0.777 -0.102 1.79E-03 -3.45E-02 -3.63E-02 5.065 5.118 0.053 
(Station ID: C51) S2  0.021 0.091 0.070 4.70E-04 -2.85E-03 -3.32E-03 6.359 5.955 -0.405 
  N2  0.208 0.122 -0.086 4.14E-03 -4.89E-03 -9.03E-03 4.788 4.346 -0.442 
  K1  0.053 0.049 -0.004 3.60E-04 -1.26E-03 -1.62E-03 9.059 19.254 10.195 
  M4  0.087 0.088 0.001 5.90E-04 -4.61E-03 -5.20E-03 4.820 1.933 -2.887 
  O1  0.046 0.033 -0.013 1.00E-05 -4.73E-04 -4.83E-04 7.579 19.499 11.920 
  M6  0.081 0.060 -0.021 6.60E-04 3.21E-03 2.55E-03 3.379 3.695 0.316 
Marcus Hook M2  1.04 0.905 -0.135 -9.24E-03 -6.67E-03 2.57E-03 11.019 11.033 0.014 
(Station ID: C47) S2  0.083 0.105 0.022 -4.40E-04 -3.30E-04 1.10E-04 11.538 11.539 0.000 
  N2  0.159 0.144 -0.015 -3.60E-04 -9.73E-04 -6.13E-04 11.084 10.367 -0.717 
  K1  0.085 0.063 -0.022 1.86E-03 1.88E-04 -1.67E-03 7.850 7.348 -0.502 
  M4  0.146 0.065 -0.081 4.61E-03 4.07E-03 -5.36E-04 4.390 4.445 0.055 
  O1  0.046 0.037 -0.009 7.10E-04 2.92E-04 -4.18E-04 8.644 7.012 -1.632 
  M6  0.08 0.053 -0.027 4.05E-03 -2.92E-03 -6.97E-03 0.898 1.024 0.126 
* Phase referenced to Local Standard Time 
** Station C54 only had 19.9 days of data, less than the 29 days required to derive the N2 constituent 
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12. Medium domain grid – easting and northing current components at station C51  
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CHAPTER 4:  VALIDATION OF NEAR FIELD DOMAIN 
TRANSPORT MODULE 
The validation of model transport was attempted by utilizing the Advective 
DispersionModel2D code in conjunction with the near field domain grid (NFD). 
This approach involved numerous simulations to match model result 
visualizations to the dye plume results of the 1997 Delaware River Basin 
Commission Combined Sewer Overflow Mixing Zone Study (Ocean Surveys, 
1998). This effort involved close collaboration with Smile Consult to optimize the 
NFD grid and this code, which was being tested for the first time with these 
experiments. 
4.1 CSO Mixing Zone Study  
For this study, the D-39 CSO outfall was selected on the Philadelphia shoreline of 
the Delaware River. Rhodamine WT dye was injected at 12:12 a.m. over a 3.5 
hour period during a rain event beginning the previous evening that caused the 
CSO to discharge. After this injection, the dye plume in the river was mapped six 
times during low slack and high slack tides over four consecutive days. The dye 
injection was held constant at 19.1 kgh-1 [42.2 lbhr-1] for approximately 3.5 hours, 
during which a total of 66.7 kg [147 lbs] of Rhodamine WT dye was injected in a 
manhole 183 m [600 ft] before the outfall at D-39. With a known dye injection rate 
and measured concentrations of grab samples in the immediate downstream 
collection chamber, an average CSO flow rate of 4.47 m3s-1 [1.02 x 108 gal/day] 
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was estimated by Ocean Surveys, Inc. This flow rate, coupled with the time series 
of grab sample concentrations was then applied to the model to simulate the 
mixing zone study conditions.  
In situ fluorescence monitoring was conducted onboard the survey vessels using 
Turner Designs Model 10 fluorometers. Results of the study were presented in 
dye plume maps with a concentration range of < 0.01 to 20 parts per billion 
(ppb). Contour lines in the spreading plume had a range of < 0.01 to 0.1 ppb. 
Concentrations along vertical transects were consistently equal, showing near 
complete vertical mixing at all sites. 
Field crews monitored air temperature, wind speed and wind direction during 
the study. This data was supplemented with NWS data from the Philadelphia 
International Airport and rainfall data from Philadelphia Water Department. 
Wind conditions varied through the study period from light winds for the first 
1.5 days to strong gusting winds on the next 2 days. Average wind speed from 
November 22 12:00 AM through November 23 6:00 PM was 9.7 kmh-1 [6 mph] 
and average wind direction was 105 degrees, or from east-southeast. For the next 
48 hours average wind speed was 21 kmh-1 [13 mph] with gusts as high as 56 
kmh-1 [35 mph], and average wind direction was 270 degrees, or from the west. 
4.2 Near Field Domain Dye Simulations 
The motivation to build the near field domain grid (NFD) was based on the 
challenges associated with optimizing use of the AdvectionDispersionModel2D 
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module. Attempts to use this code on the medium domain grid (MD) produced 
results with unrealistic dispersion both laterally and longitudinally. This 
limitation improved with several changes that were suggested by the software 
developer, Smile Consult. These included further refinement of the mesh to a 
uniform grid size of 20 m; simplifying the shoreline geometry to exclude any 
piers or other sharp or narrow geometry; and adjusting all polygon boundaries 
to an above-sea-level depth of 1 m to all boundary nodes to take advantage of the 
model’s wetting and drying capabilities. To reduce the large computational cost 
of refining the medium domain grid to this small size, the grid domain was 
minimized to the area immediately surrounding Philadelphia. 
Since the up- and downstream boundaries of the NFD grid no longer coincided 
with available gauging stations, the MD grid was used to generate time series to 
represent the new boundaries. The upstream boundary applied was the tidal 
cross-sectionally-averaged discharge, and the downstream boundary applied 
was the tidal water levels, both extracted from the MD grid. The hydrodynamics 
in the NFD grid were verified through a favorable visual comparison of the 
model water level time series to the NOAA predicted tides at Philadelphia (ID 
8545530). Wind is not considered in these experiments, therefore only the first 
three dye plume maps, which were within the first 1.5 non-windy days of the 
mixing zone study, were considered for comparison.  
Using the bottom friction values that optimized the hydrodynamic performance, 
65 for channel and 40 for shoal, the results of the dye simulation matched the 
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longitudinal trajectory of the plume well, but the lateral extent of the plume 
extended across the channel to Petty Island and the New Jersey side whereas the 
mixing zone study map showed no such dispersion (See Figures 13-14). This may 
have been the result of unknown issues with the AdvectionDispersionModel2D 
code. Since these attempts to validate this code for a near field study of cross-
channel pollutant transport potential did not succeed, the 
AdvectionDispersionModel2D module was not exercised for further pollution 
plume studies. 
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13. DRBC CSO Mixing Zone Study at Map 3 slack tide
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14. Near field grid visualization of dye simulation at Map 3 slack tide 
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CHAPTER 5:  DISCUSSION 
5.1 Lateral Velocity Structure Analysis 
In order to explore the first order dynamics of the lateral velocity structure in the 
vicinity of the Baxter intake, which is the result of nonlinear interactions of the 
tidal advective flow field with the bathymetry and shoreline profile, an analysis 
of the lateral velocity component over 30 days was derived from the model 
results in a domain that is approximately 2 km along channel and 500 m across. 
This domain begins at 0.5 km downstream of the Baxter intake and extends 1.5 
km upstream of the intake (See Figure 15). 
Two fixed flow regimes were used for this analysis, a low flow condition of 100 
m3s-1 at Trenton, NJ, and a high flow condition of 5,000 m3s-1 that corresponds to 
the 10-year return storm on the Delaware River (Schopp and Firda, 2008). 
Schuylkill River and Rancocas Creek tributary flows were fixed at hydrologic 
conditions to match mean flows in the November 1997 for the low flow regime 
and the June 2006 10-year storm mean flows for the high flow regime (See Table 
13). Tide levels at Delaware City were increased by 0.5 m based on historic 
observed data at that station corresponding to the June 2006 storm. Inflows at the 
Baxter intake are not considered in these simulations since the intake acts as a 
small embayment that is fed on the flood tide and is considered to have 
negligible impact of the velocity field. 
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15. Lateral velocity analysis domain 
13. Tributary discharge and adjustment for low flow and 10-year return storm 
 Low Flow [m3s-1] 10 yr [m3s-1] 
Delaware River at Trenton 100 5,000 
Schuylkill River 40 1,350 
Rancocas Creek 5 40 
Delaware City Tide Level - + 0.5 m 
 
In order to analyze the interactions with the tidal advective flow with the bathymetry and 
shoreline contours, the velocity time series for 244 nodes within this domain were 
extracted and converted to the major and minor components using the angle of 
inclination of the major component in the dredged channel adjacent to the Baxter intake 
as calculated using T_TIDE, which was 47.8 degrees counterclockwise from east (Parker, 
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2007). The minor velocity component time series were low-pass filtered* using a 49-hour 
Groves filter (Thompson, 1983), and the mean of each filtered time series was then 
calculated to produce the subtidal lateral velocity structure in the domain of interest. Also 
the mean of each nodal time series of overall velocity field was calculated to represent the 
overall subtidal velocity structure. Vectors were produced using R software (“R”, 2010) 
and the ReadImages module (CRANR, 2010), which maps velocity field vectors onto an 
image file. The image of the domain of interest, which includes shoreline profile, the 
mesh nodes, and a depth gradient contour layer, was produced using Smile Consult 
JANET. A worksheet to map the node points, which are in UTM meters, to the 
corresponding image pixels was produced in MS Excel. Two figures were produced for 
each flow regime, a visualization of the subtidal resultant of the overall velocity field and 
a visualization of the subtidal lateral velocity vectors (See Figs. 16-19).  
The bathymetry in the domain of interest includes the dredged channel (USACE, 
2010) that is approximately 14 m deep and 130 m wide, along with a natural 
channel on either side. The PA side of the dredged channel is 120 m from the 
Baxter intake, but at 600 m upstream makes a bend of 10 degrees eastward, 
which brings the NJ side of the channel to within 60 m of the NJ shoreline at the 
Hawk Island peninsula. The complex NJ shoreline is shaped by Dredge Harbor, 
Amico Island peninsula just downstream of the Rancocas Creek, and Hawk 
Island peninsula just upstream of the Rancocas Creek.  
                                                 
* Low-pass filtering of time series was performed to eliminate influences at superinertial-thru-
diurnal tidal frequencies, because motions at these frequencies generally do not result in a direct 
net displacement.  Low-pass filtering elucidates the low-frequency or net non-tidal motions. 
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16. Low flow regime overall subtidal velocity field 
  
17. Low flow regime lateral component subtidal  
velocity field 
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18. 10-year return flow regime overall subtidal  
velocity field 
 
19. 10-year return flow regime lateral component  
subtidal velocity field 
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The shoals along the NJ shoreline are approximately 350 m wide with a depth 
range of 0.2 to 7 m with an average of 3.8 m. Directly offshore of Amico Island 
peninsula is an extended shallow area that is 1 to 2 m deep. Dredge Harbor is a 
closed embayment that is approximately 3 m deep. The channel of the Rancocas 
Creek is approximately 3.6 m deep as it enters the Delaware River. The PA 
shoreline is nearly smooth with a small westward meander just upstream of the 
Baxter intake. Downstream of the intake is the shoal created by small tributary 
delta. From 700 m downstream of the intake to 1,800 m upstream, there is almost 
no shoal due to the proximity of the dredged and natural channel to the 
shoreline. 
5.2 Results 
Both visualizations demonstrate the complexity of the subtidal velocity structure 
for the model simulation period of 30 days in this stretch of the Delaware River 
for the low flow regime. The overall subtidal velocity field (See Figure 16) shows 
a strong downstream component that corresponds to the dredged channel 
geometry and the PA shoreline; however this changes to upstream at the NJ edge 
of the channel. As one continues toward the NJ shoreline, the upstream 
component changes to downstream across the shoal adjacent to Amico Island; an 
upstream component is reestablished again above the Rancocas Creek channel. 
The maximum downstream component is 0.16 ms-1 and the maximum upstream 
is 0.14 ms-1. The mean subtidal flow is 0.005 ms-1 downstream. 
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The lateral subtidal velocity field (See Figure 17) shows a strong westward 
component in the shoal adjacent to Amico Island on the NJ side of the channel in 
the range of 0.019 to 0.077 ms-1. A westward component exists on the PA side, 
800 m upstream of the Baxter intake in the range of 0.014 to 0.040 ms-1. A strong 
eastward component is revealed in the entire section adjacent to the Baxter intake 
that is approximately 250 m wide along the lateral transect of the domain. These 
subtidal lateral velocities are in the range of 0.013 to 0.048 ms-1. Another 
eastward component exists just above the Rancocas channel on the NJ side with a 
range of 0.030 to 0.069 ms-1. The maximum subtidal lateral component for the 
low flow regime is approximately 50% of the maximum overall subtidal velocity. 
The velocity profile in the center of the dredged channel shows negligible lateral 
subtidal velocities, which is an expected result because of the dominance of the 
longitudinal velocity component. 
For the 10-year return storm (See Figure 18), the magnitudes of the overall 
velocity field resultant vectors increase corresponding to the discharge in the 
system of 5,000 m3s-1 at Trenton with a maximum value of 3.1 ms-1. There was no 
upstream velocity component in the flow regime with the flow field uniformly 
strongest in the channel (See Figure 18). The mean subtidal flow for this flow 
regime, 2.0 ms-1 is 400 times greater than that for the low flow regime of 0.005 
ms-1, which is, as expected, in the same order of magnitude as the ratio of the 
Trenton flow between the two flow regimes, 500.  
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 As in the case for the low flow regime, the lateral subtidal velocity field for the 
10-year flow regime shows a complex lateral structure (See Figure 19). Again 
there is a strong eastward component within the lateral section adjacent to the 
Baxter intake in the range of 0.025 to 0.45 ms-1; however the direction is reversed 
for five nodes downstream and adjacent to the intake, going from a maximum of 
0.016 ms-1 eastward to maximum of 0.13 ms-1 westward. The subtidal direction is 
strongly eastward immediately upstream of the intake for 300 m with a range of 
0.065 to 0.35 ms-1. The shoal adjacent to Amico Island now shows a generally 
eastward component in the range of 0.050 to 0.19 ms-1. Subtidal velocities with 
strong westward components are shown starting at 300 m above the Baxter 
intake and continuing upstream in the range of 0.05 to 0.36 ms-1 and downstream 
of the Rancocas channel in the range of 0.21 to 0.36 ms-1. An eastward component 
is shown just above the Rancocas Creek channel in the range of 0.20 to 0.27 ms-1. 
5.3 Analysis 
Moses-Hall (1992) notes that the frictional effect of wind stress on the water 
surface directly influences the estuary, as does the pressure gradient effect of a 
surface slope generated by wind piling water against or away from a land 
boundary.  Direct local wind effects are caused by the wind drag across the water 
surface, which can assert full-depth influences on currents in shallow waters like 
those directly adjacent to the Baxter intake. Local wind-driven, barotropic 
currents occur through the surface slope set up or set down by the wind, causing 
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a pressure gradient and thereby a current, which if it were to occur across the 
estuary in the vicinity of the intake could also influence currents in the near-field 
domain of the intake. Wu (1968), based on laboratory data, related surface drift 
as a percent of wind speed and found that an expected 3.4% surface velocity 
component results from wind shear on the air surface interface. 
Based on these considerations, results for the low flow regime reveal the 
existence of a protective* subtidal velocity structure in the section immediately 
adjacent to the Baxter intake that appears to be due to the meander in the channel 
and shoreline along with the combined shoal geometries on the PA and NJ shore 
in this domain. Therefore, in order to counteract the maximum lateral velocity of 
0.048 ms-1 in the area adjacent to the Baxter intake, it would take a wind speed of 
1.4 ms-1 or 5 kmh-1 to stop, and twice that to reverse the flow to correspond to the 
magnitude of the westward components. This protective lateral velocity 
structure is enhanced in the 10-year return storm scenario in which it would take 
a wind speed of 13 ms-1 or 48 kmh-1 to stop, and twice that to reverse the flow. 
 
                                                 
* Protective, in this context, is defined as a lateral subtidal velocity that has a tendency to push 
water particles, and therefore dissolved or suspended contaminants, on average toward the NJ 
shoreline and away from the PA shoreline near the PWD Baxter intake. 
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CHAPTER 6:  CONCLUSIONS 
Analysis of the lateral velocity structure in the vicinity of the PWD Baxter intake 
demonstrates that interactions between the barotropic tidal flows and the 
complex bathymetry and shoreline in that domain produce shears that are 
capable of generating subtidal lateral velocities on the order of 50% of the 
longitudinal subtidal flow. The alternating direction and magnitude of these 
subtidal velocities will influence the transport of pollutants as they are driven by 
advective lateral subtidal flows. This analysis reveals that these non-linear 
interactions produce a protective velocity structure in the lateral cross section 
adjacent to the Baxter intake. The application of an estimated wind shear impact 
on surface velocities revealed a modest protective structure for low flow 
conditions, requiring an opposing wind speed of 10 kmh-1 [6 mph] to reverse, 
and a strongly protective structure for a 10-year return flow event, requiring a 
wind speed of 96 kmh-1 [60 mph].  This protective lateral velocity structure 
would be expected to create a barrier to contaminant transport crossing the 
Delaware River channel from the New Jersey to the Pennsylvania side in this 
specific area over a range of flow conditions that would only be overcome by 
northerly to westerly winds. 
Possible areas of future research could include numerical experiments that apply 
wind shear to confirm the inferred wind impacts in the model simulations. 
Another point of exploration that may enhance these results is performing 
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sensitivity analyses on the physical inputs to the model.  Examples of these could 
include simulating localized rain events that would generate high flow 
conditions in either the Rancocas Creek or Schuylkill River without affecting the 
low flow condition of the Delaware River, or exploring the impact of changes in 
bottom topology, such as deepening, filling or widening the dredged channel in 
the vicinity of the Baxter intake. Further work to find an appropriate tool to 
investigate dispersive transport processes, such as modifications to the 
AdvectionDispersionModel2D or the use of other modeling environments, may 
provide additional verification of these results. 
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